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Edited by Vladimir SkulachevAbstract To test for redox regulation of anion channels in ery-
throid cells, we exposed K562 cells to oxidants and measured
changes in transmembrane Cl currents using patch-clamp,
and in intracellular Cl content using the Cl selective dye
MQAE. Oxidation with tert-butylhydroperoxide or H2O2
produced a plasma membrane anion permeability with a permse-
lectivity of NO3 > lactate
 > gluconate. The permeability
increase was paralleled by insertion of ClC-3 protein into the
plasma membrane as evident from immunoﬂuorescence micro-
scopy and surface biotinylation. Down-regulation of ClC-3
protein by RNA interference as assessed by immunoblotting de-
creased the oxidation-stimulated permeability. In conclusion,
oxidation induces surface expression of ClC-3 and activation
of a ClC-3-dependent anion permeability in K562 cells.
 2007 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Modulation of the redox potential, e.g. through formation
of ROS regulates numerous cellular processes through oxida-
tive interference with signaling molecules such as tyrosine
kinases, tyrosine phosphatases, MAP kinases, through activa-
tion of transcription factors [1], or through direct modiﬁcation
of eﬀector proteins [2]. Anion channels regulated by redox
modulation accomplish Cl secretion [3] or volume changes
of malaria-infected erythrocytes by mediating the eﬄux of
Cl [4] and/or organic osmolytes [5].
ClC-3, a member of the voltage-gated ClC family of Cl
channels [6], has been suggested initially to be a cell volume-Abbreviations: ClC-3, member 3 of the cloned chloride channel family
ClC; EGTA, ethylene glycol-bis(b-aminoethyl ether)-N,N,N0,N 0-tetra-
acetic acid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; MAP, mitogen-activated protein; MQAE, N-(ethoxycarbonyl-
methyl)-6-methoxyquinolinium bromide; NMDG, N-methyl-D-gluc-
amine; PBS, phosphate-buﬀered saline; ROS, reactive oxygen species;
SDS, sodium dodecyl sulfate; siRNA, small interference RNA; t-BHP,
tert-butylhydroperoxide
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to this assumption, anion channel activity is seemingly normal
in cells from gene targeted mice lacking functional ClC-3
(Clcn3/ mice) [8]. Moreover, ClC-4 and -5 have recently
been shown to function as electrogenic Cl/H+ exchangers
[9,10] and such a function has also been suggested for ClC-3
[11].
The present study aimed to characterize redox-sensitive or-
ganic osmolyte and anion channels by use of whole-cell
patch-clamp recording, ﬂow cytometry, immunoﬂuorescence
microscopy and immunoblotting. The K562 myeloid leukae-
mia cell line shares many characteristics with erythrocytes
[12]. In particular, its expression pattern of ion channels in
the plasma membrane is similar to that of human erythrocytes
[13–15]. K562 cells were, therefore, chosen as an erythroblast-
like cell model to study redox-sensitive changes in plasma
membrane permeability with speciﬁc emphasis on ClC-3 as a
candidate for a redox-sensitive anion channel/regulator.2. Materials and methods
2.1. Cell culture and oxidation of K562 Cells
K562 human myeloid leukaemia cells were grown in RPMI1640
medium containing 10% FCS. For oxidation, cells were washed, resus-
pended in NaCl solution containing (in mM) 125 NaCl, 32 HEPES/
NaOH, pH 7.4, 5 KCl, 5 D-glucose, 1 MgSO4, 1 CaCl2, and incubated
in the presence or absence of 1 mM t-BHP for 30 min at 37 C. In few
patch-clamp experiments, cells were oxidized with H2O2 (1 mM for
30 min at 37 C). Oxidation was stopped by washing the cells in NaCl
solution.
2.2. siRNA based silencing of Clcn3
siRNA expression cassettes (H1 promoter) were prepared by a PCR-
based method with the Silencer Express Kit from Ambion (Cam-
bridgeshire, UK). The following PCRprimers (in parenthesis) were used
for the constructs Clcn3-1 (sense: AGCTACACAAACTGCTTGACC-
TATGATTAACCGGTGTTTCGTCCTTTCCACAAG; antisense:
CGGCGAAGCTTTTTCCAAAAAATTAATCATAGGTCAAGCA-
GCTACACAAACTGC; the targeted sequence as indicated by the
bold letters is at position 1095–1113, accession number: NM_
001829), Clcn3-2 (sense: CCTCTACACAAAAGGTTAAAGAGT-
TGTGCTACCGGTTCTTCCTTTCCACAAG; antisense: CGGC
GAAGCTTTTTCCAAAAAATAGCACAACTCTTTAACCTCTA-
CACAAAAGGT; the targeted sequence is at position: 3019–3037,
NM_001829), and a nonsense construct (sense: CATCTACACAAAA-
TGTGAAGAAGGGTTTATCCGGTGTTTCGTCCTTTCCACAAG;
antisense: CGGCGAAGCTTTTTCCAAAAAAGATAAACCCTTC-
TTCACATCTACACAAAATGT). K562 cells (50000 cells in 1 ml
medium) were transfected for 48 h by adding siRNA expression cas-
settes (1 lg) mixed with siPORTXP-1 transfection agent (7 ll; Ambion)
in Opti Mem Medium (200 ll; Gibco).blished by Elsevier B.V. All rights reserved.
Fig. 1. Whole-cell Cl currents of control and oxidized K562 cells. (A) Current traces recorded from a control (left panels) and an oxidized (right
panels) K562 cell ﬁrst with NMDG-Cl (left) and then NMDG-gluconate in the bath (right). (B,C) Mean current–voltage relationships (n = 7–8) of
control (B) and oxidized K562 cells (C) recorded as in (A) with NMDG-Cl (open circles) and NMDG-gluconate (closed triangles) bath solution.
Voltages refer to the intracellular membrane face with respect to the earthed bath solution. (D) Mean slope conductances (n = 7–8) as calculated from
(B–C) for the outward currents of control (left) and oxidized K562 cells (right) in MMDG-Cl (open bars) and NMDG-gluconate (closed bars). (E)
FACS histograms showing the Cl-speciﬁc MQAE-ﬂuorescence of oxidized K562 cells incubated in K-gluconate (left) and KNO3 solution (right) for
0 min (black line) and 45 min (red line). (F) Mean normalized MQAE-ﬂuorescence intensity (n = 5–12) of control (closed bars) and oxidized K562
cells (open bars) incubated for 45 min in K+ salts of diﬀerent anions. Oxidized K562 cells show a chloride eﬄux which is promoted by bath anions
with a permeability sequence of NO3 > lactate
 > gluconate.
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Currents were recorded in fast whole-cell mode as described [5]
under conditions, where the cells did not swell. A pipette solution
containing (in mM) 140 NMDG-Cl (pH 7.4), 40 mannitol, 10
HEPES/NMDG, 1 MgCl2, 1 Mg-ATP, 0.5 EGTA, was combined with
a bath solution containing 180 NMDG-Cl (pH 7.4), 10 HEPES/
NMDG, 1 CaCl2, 1 MgCl2. In an additional bath solution (NMDG-
gluconate) chloride was replaced isosmotically by D-gluconate. Liquid
junction potentials were recorded according to [16] and the data cor-
rected. Prior to compensation, slow capacitive currents were evoked
by a l0-mV square pulse, the capacitive current transients ﬁtted by
exponential regression and the whole-cell membrane capacitances cal-
culated as described previously [17]. The recorded membrane capaci-
tances did not diﬀer between control (8.9 ± 0.5 pF; n = 8) and
oxidized cells (8.0 ± 0.9 pF, n = 13).
2.4. Anion permeability and Cl-dependent ﬂuorescence
Cells were loaded with the Cl-selective ﬂuorescence dye (MQAE;
Molecular Probes, Leiden, Netherlands) in KCl solution (1 mM for
30 min) containing (in mM) 130 KCl, 32 HEPES/KOH, pH 7.4, 5
D-glucose, 1 MgSO4, 1 CaCl2, washed in KCl solution, and resus-pended in Cl-free solutions in which KCl was isosmotically replaced
by KNO3, K-L-lactate, or K-D-gluconate. The solution further
contained a cation channel blocker cocktail (50 lM clotrimazole to
inhibit SK4 K+ channels [15], 50 lM ethylisopropylamiloride, EIPA,
to inhibit non-selective cation channels [13,14,18,19], 50 lM 4-amino-
pyridine and 1 mM BaCl2 to inhibit further K
+ channels) to avoid Cl-
eﬄux-driven cell shrinkage by parallel loss of cellular K+ and H2O.
Under these conditions, Cl eﬄux was limited by, and, therefore, a di-
rect function of the uptake of the bath anion. Cl eﬄux was assessed
after 45 min of incubation in Cl-free media. Cl eﬄux was indicated
in ﬂow cytometry (FACS-Calibur from Becton Dickinson, Heidelberg,
Germany) by an increase in the Cl-speciﬁc MQAE ﬂuorescence inten-
sity as recorded in ﬂuorescence channel FL-1 (excitation wavelength of
488 nm, emission wavelength of 530 nm). The geometrical mean of the
ﬂuorescence intensity was analyzed by CellQuest software.
2.5. Immunoblotting
Lysis, SDS–PAGE, and immuno blotting of K562 cells transfected
with siRNA expression cassettes and control cells were performed as
described [5] using a rabbit polyclonal anti-ClC-3 antibody against
the C-terminus (Alomone Labs, Munich, Germany, 1:200 dilution in
Fig. 2. ClC-3 RNA interference downregulates ClC-3 protein and blunts the oxidation-stimulated anion permeability. (A,B) Downregulation of
ClC-3 protein expression by ClC-3-speciﬁc RNA interference. Immunoblot (A) and quantitative analysis (B; n = 5) of ClC-3 protein expression
following 48 h treatment with ClC-3-speciﬁc siRNA (constructs 1 and 2), or with vehicle (control). (C) Current tracings recorded from an oxidized
control cell (transfected with the non-speciﬁc construct siNEG; upper line) and an oxidized siClC-3-1-transfected K562 cell (lower line) with NMDG-
Cl (left) and NMDG-gluconate bath solution (right) combined with NMDG-Cl pipette solution. (D) Mean slope conductance of siNeg- (left; n = 4)
and siClC-3-transfected (right; n = 6) oxidized K562-cells recorded as in (C, left) with NMDG-Cl bath solution. (E) FACS histogram showing the
MAQE-ﬂuorescence in K-lactate solution of oxidized K562-cells transfected with a ClC-3 siRNA construct (red line) or a negative control construct
(blue line) and of non-transfected control cells (black line). (F) Mean normalized MAQE-ﬂuorescence (n = 12) of oxidized K562 cells transfected with
two diﬀerent ClC-3-speciﬁc siRNA constructs 1 and 2, with a non-speciﬁc construct (siNEG), and with a vehicle control.
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(1: 2000 dilution) conjugated with horseradish peroxidase (Amersham,
Freiburg, Germany). For the experiments shown in Fig. 3D, control
and oxidized K562 cells were washed in NaCl solution and then incu-
bated for 30 min with the membrane-impermeable BAC-SulphoNHS
(Sigma Aldrich, Germany) at room temperature under slow agitation.
The biotinylation was stopped by washing (three times in NaCl
solution). Cells were lysed as described [5], diluted 1:3 with PBS, and
centrifugated (2 min at 13000 rpm). The supernatant was incubated
for 5 h at 4 C with streptavidin–agarose beads (Sigma Aldrich). The
beads were washed (three times in lysis buﬀer), resuspended in 2-fold
Laemmli buﬀer, and the protein was released from the beats by heating
(10 min for 100 C).
2.6. Immunoﬂuorescence microscopy
K562 cells were ﬁxed with acetone/methanol, washed four times with
PBS, blocked with 1% BSA in PBS (60 min), incubated with a rabbit
polyclonal anti-ClC-3 antibody against the C-terminus (Alomone;
1:200 dilution in PBS/1% BSA) overnight at 4 C, washed with PBS,
and incubated with a secondary donkey anti-rabbit antibody (1:2000
dilution in PBS) conjugated with Alexa488 (Amersham) for 1 h at
room temperature.2.7. Statistics
Data are arithmetic means ± S.E. *, **, and *** indicate signiﬁcant
diﬀerence with P 6 0.05, P 6 0.01, and P 6 0.001, respectively, as
tested by two-tailed Welch corrected t-test or ANOVA, as appropriate.3. Results
To test for an oxidation-stimulated anion conductance,
untreated and oxidized K562 cells were whole-cell recorded
in voltage-clamp mode using Cl and the large impermeable
cation NMDG+ in pipette and bath solution. Untreated cells
exhibited very low whole-cell anion currents as shown in the
original tracings in Fig. 1A (1st tracings) and the current–volt-
age (I/V) relationship in Fig. 1B (open circles and Fig. 1D, 1st
bar). Replacement of Cl by gluconate in the bath (NMDG-
gluconate) decreased the outward currents (Fig. 1A, 2nd
tracings and Fig. 1D, 2nd bar) and shifted the reversal poten-
tial of the I/V curve in the direction of the change of the Cl
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closed triangles) conﬁrming the Cl selectivity of the recorded
currents.
Oxidation (1 mM t-BHP for 30 min) stimulated an increase
in whole cell conductance (Fig. 1A, 3rd tracings, Fig. 1C, open
circles, and Fig. 1D, 3rd bar). Similar to the untreated cells,
replacement of bath Cl by gluconate decreased the outward
current of oxidized cells (Fig. 1A, 4th tracings and Fig. 1D,
4th bar) and shifted the reversal potential (Fig. 1C, closed
triangles) indicating an oxidation-stimulated anion current.
Oxidation with an additional oxidant (1 mM H2O2 for
30 min) similarly increased the whole cell conductance to
117 ± 16 pS/pF (n = 6) when recorded with NMDG-Cl in bath
and pipette solution (data not shown).
To further characterize the oxidation-stimulated anion con-
ductance, K562 cells were loaded with the Cl selective dye
MQAE and re-suspended in Cl free solutions containing
the K+ salt of NO3 , lactate
 or gluconate. The decrease of
the cytosolic Cl concentration (as indicated by an increase
in MQAE ﬂuorescence intensity) was a direct function of the
inﬂux of the bath anion and was used to estimate the relative
permeabilities of the anions administered in the bathing solu-
tions.
Suspending untreated K562 cells in Cl-free solution did not
result in a ﬂuorescence increase, and the ﬂuorescence intensi-
ties did not diﬀer between the various bathing solutions
(Fig. 1F, closed bars). Oxidation of K562 cells (1 mM t-BHP
for 30 min), in contrast, led to a ﬂuorescence increase in the
majority of K562 cells upon suspension in Cl-free solutions
(Figs. 1E and F, open bars). This increase was signiﬁcantly
larger in nitrate and lactate as compared to the gluconate solu-Fig. 3. Oxidation induces the translocation of ClC-3 into the plasma membra
and oxidized K562 cells (right). (B) Cross-section ﬂuorescence proﬁle of an u
by line scan of the ﬂuorescence images. (C) Mean ratio of the ClC-3-spe
cytoplasm of untreated (closed bars) and oxidized K562 cells. (D) Immun
oxidized (right lane) K562 cells. The biotinylated proteins were separated bytion (Figs. 1E and F, open bars) suggesting a permselectivity of
the oxidation-stimulated permeability of NO3 > lactate
 >
gluconate.
To study a putative role of ClC-3 in the oxidation-stimulated
anion permeability, ClC-3 protein expression was downregu-
lated by RNA interference. To this end, cells were transfected
for 48 h with two linear DNA constructs each (constructs 1
and 2) encoding for hair pinned double-stranded RNAs speciﬁc
for all known splice variants of ClC-3 mRNA. ClC-3 RNA
interference signiﬁcantly down-regulated ClC-3 protein expres-
sion (Figs. 2A and B) and blunted the oxidation-stimulated in-
crease in whole-cell conductance (Figs. 2C and D) and MQAE
ﬂuorescence intensity of K562 cells (Figs. 2E and F), while
transfection with a non-targeting control construct (siNEG)
had no eﬀect (Fig. 2F and compare 1st bar of Fig. 2D with
3rd bar of Fig. 1D). RNA interference decreased the whole cell
conductance by about 55%, (Figs. 2D and E). This incomplete
inhibition is probably due to the intermediate eﬃcacy of the
ClC-3 RNA interference as deduced from the only 40% down-
regulation of total ClC-3 protein content (Fig. 2B).
The cellular distribution of ClC-3 protein was analyzed by
immunoﬂuorescence microscopy in untreated and oxidized
(1 mM t-BHP for 30 min) K562 cells. In untreated cells, a dif-
fuse ClC-3 immunoﬂuorescence was limited to the cytoplasm
as shown by the micrograph in Fig. 3A (left) and by the
cross-section ﬂuorescence proﬁle in Fig. 3B (black line). Oxida-
tion of K562 cells, however, induced a prominent immunoﬂu-
orescence staining of the plasma membrane area in the
micrographs (arrows in Fig. 3A, right) and the corresponding
ﬂuorescence maxima at both margins of the cross section
proﬁle in Fig. 3B (green line). Quantitative analysis of thene. (A) ClC-3-speciﬁc immunoﬂuorescence micrographs of control (left)
ntreated (black line) and an oxidized K562 cell (green line) as obtained
ciﬁc ﬂuorescence density (n = 8–10) between plasma membrane and
oblot of biotinylated surface proteins in non-oxidized (left lane) and
SDS gel electrophoresis and probed against ClC-3.
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dized K562 cells revealed a comparable staining of the cyto-
plasm but a more than ﬁvefold higher staining of the plasma
membrane area in oxidized than in untreated cells (Fig. 3C).
To distinguish between a ClC-3 localization underneath the
plasma membrane and an insertion into the membrane, intact
control and oxidized (1 mM t-BHP for 30 min) cells were bio-
tinylated, the biotinylated proteins enriched, separated by
SDS–PAGE, blotted, and probed against ClC-3. The immuno-
blot in Fig. 3D clearly indicates oxidation-stimulated surface
expression of ClC-3.4. Discussion
In the present study, down-regulation of ClC-3 protein
expression by RNA interference was paralleled by a decrease
of the oxidation-stimulated whole-cell anion currents of about
50%. Probably, the ineﬃcient inhibition of the current was due
to the low eﬃcacy of the ClC-3 protein down-regulation.
However, the data cannot exclude the oxidation-stimulated
activation of further, ClC-3-independent anion permeabilities.
Nevertheless, the data suggest that ClC-3 is involved in the
induction or generation of at least a fraction of the oxida-
tion-stimulated anion permeability.
Until now, plasma membrane expression and anion channel
function of ClC-3 are discussed controversially. In several
reports, ClC-3 has been shown to reside intracellularly (e.g.
[8]). Other studies, in contrast, reported ClC-3 plasma mem-
brane expression (e.g. [20]). Recently, ClC-3 protein has been
demonstrated to traﬃc through the plasma membrane from
where it is rapidly endocytosed [21]. In the present work, ﬂuo-
rescence microscopy revealed an intracellular localization of
ClC-3 protein in K562 cells. Oxidation, however, increased
the expression of ClC-3 protein in the plasma membrane
suggesting that plasma membrane-inserted ClC-3 most proba-
bly exerted the observed eﬀect on the oxidation-stimulated an-
ion current.
Several studies, imply a functional signiﬁcance of ClC-3 for
cell volume-sensitive anion currents (e.g. [22]) as evident from
the inhibition of these currents by intracellulary dialyzed anti-
ClC-3 antibodies or by ClC-3 mRNA targeting (RNA interfer-
ence or antisense). For such ClC-3-dependent currents, perm-
selectivities of Cl > I [23] as well as I > Cl (e.g. [24]) have
been reported. These conﬂicting results clearly indicate that the
presumed ClC-3 currents of the diﬀerent studies were gener-
ated by diﬀerent channel proteins which do not necessarily in-
clude ClC-3. Most strikingly, albeit identical biophysical
properties, cell volume-sensitive anion currents of cells from
Clcn3+/+ and Clcn3/ mice diﬀer in their sensitivity to intra-
cellular dialyzed anti-ClC-3 antibodies [25]. The fact that
ClC-3-deﬁcient cells express anion currents which are not
dependent on ClC-3, while the anion currents in wild-type cells
are dependent on ClC-3 [25] might suggest that ClC-3 is rather
a channel regulator than a channel itself and that its function
is replaced by another regulator protein in ClC-3-deﬁcient
cells.
Oxidation not only aﬀects anion currents in K562 cells but
also activates the non-selective cation channel TRPM2 result-
ing in an increase of intracellular free Ca2+ concentration
which may trigger apoptosis [19]. In K562 cells, elevated free
Ca2+ concentrations activate SK4 K+ channels in the plasmamembrane [15]. An oxidation-induced co-activation of the
ClC-3-dependent anion permeability results in loss of KCl
(and osmotically obliged H2O) and thus in cell shrinkage sug-
gesting that the ClC-3-dependent anion permeability may gen-
erate apoptotic volume decrease. In addition, ClC-3 has been
suggested to conduct superoxide anions and to be involved
in paracrine ROS signaling [26]. Oxidation-stimulated surface
expression of ClC-3 might amplify this signaling according to a
feed-forward process.
In conclusion, the present study provides several lines of evi-
dence of an oxidation-stimulated anion permeability in human
K562 cells which is dependent on the surface expression of
ClC-3 protein.
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